representative site under sowing densities of 24,000 and 35,000 plants per acre, or 6.0 and 7.5 plants per m 2 , respectively. Simulations under higher density exhibited higher average yields, but significantly higher sensitivity to VPD than simulations for lower density ( fig. S11 ). The estimated yield response to high VPD 61 to 90 days after sowing in the simulations (-15% and -28% per kPa, respectively) agreed with the cross-sectional analysis of the USDA data (Fig. 4A) . The importance of density is also suggested by the fact that soybeans, which show weaker evidence of increased drought sensitivity, have exhibited relatively constant sowing densities since 1995 in this region (24, 25) .
, respectively. Simulations under higher density exhibited higher average yields, but significantly higher sensitivity to VPD than simulations for lower density ( fig. S11 ). The estimated yield response to high VPD 61 to 90 days after sowing in the simulations (-15% and -28% per kPa, respectively) agreed with the cross-sectional analysis of the USDA data (Fig. 4A) . The importance of density is also suggested by the fact that soybeans, which show weaker evidence of increased drought sensitivity, have exhibited relatively constant sowing densities since 1995 in this region (24, 25) .
Our results agree with the general notion that as farmers become more adept at removing all nonwater constraints to crop production, the sensitivity to drought generally increases (26) . Given the dominant role of temperature (via VPD) in driving water stress in this region, our results are also consistent with the finding that heat sensitivity of maize yields in Indiana increased in recent decades (27) . One implication is that climate change effects may be more severe than predicted by models that assume current crop genetics and management. Climate model projections indicate that July VPD for this region will become more severe, with an expected increase in average VPD of roughly 20% over the next 50 years (Fig. 4B) , driven both by higher temperatures and reduced relative humidity. At current VPD sensitivity, these VPD trends would reduce yields by about 15% over the next 50 years. If maize yields continue to become increasingly sensitive to VPD, then yield losses from VPD trends could be as much as 30% (Fig. 4C) .
Overall, we find no evidence to support the notion that farmers' yields are becoming less sensitive to drought in the main maize-and soybeangrowing states. Instead, we find evidence that drought sensitivity in maize, in particular sensitivity to high VPD, has steadily increased over the past 18 years. Whether the recent push by seed companies to develop and market drought-tolerant seeds will reverse this trend remains to be seen. It is clear that cultivar changes are not the only relevant factor for changes in drought sensitivity, because agronomic trends-often facilitated by the cultivar changes-can be as or more important. It is also clear that new, field-level data sets on farm performance can complement field-based experiments in efforts to understand changes in drought sensitivity in this important production region. 
*
To extend our understanding of the genetic basis of human immune function and dysfunction, we performed an expression quantitative trait locus (eQTL) study of purified CD4 + T cells and monocytes, representing adaptive and innate immunity, in a multi-ethnic cohort of 461 healthy individuals. Context-specific cis-and trans-eQTLs were identified, and cross-population mapping allowed, in some cases, putative functional assignment of candidate causal regulatory variants for disease-associated loci. We note an over-representation of T cell-specific eQTLs among susceptibility alleles for autoimmune diseases and of monocyte-specific eQTLs among Alzheimer's and Parkinson's disease variants. This polarization implicates specific immune cell types in these diseases and points to the need to identify the cell-autonomous effects of disease susceptibility variants.
I
t is necessary to understand the functional consequences of disease-associated genetic variation as we strive to unravel the causal chain of events linking genetic risk factors to clinical syndromes. Because most disease-associated variants localize to noncoding regions of the genome, an initial role of their function can be inferred from their proximity to a gene and association to gene expression levels (1) (2) (3) (4) (5) (6) or to epigenomic features derived from representative tissues and cell types (7, 8) . Given the central role of inflammation in many diseases, we leveraged differences in the www.sciencemag.org SCIENCE VOL 344 2 MAY 2014 genetic structure of human populations to systematically interrogate the role of peripheral blood cell types that represent the lymphoid (CD4 + T lymphocyte) and myeloid (CD14 +
CD16
-monocyte) arms of the immune system. These distinct programs of gene expression were profiled as part of the of Immune Variation (ImmVar) Project.
We used a rigorous sampling and cell purification protocol, minimizing circadian and experimental noise, to generate gene expression profiles from blood cells of 461 healthy individuals sampled in Boston, Massachusetts, including African Americans (AA), European Americans (EU), and East Asian Americans (EA) ( Table 1, fig. S1 , and table S1) (see also supplementary materials and methods). We purified naïve CD4 + CD62L
hi Tcells, chosen to minimize experiential or environment-linked variation in effector/memory pools. Similarly, CD14 +
-monocytes are a recent and short-lived cell population that is less likely to reflect an individual's life history. We (Fig. 1, A and B, and tables S2 and S3).
For each human population and cell type, we associated residual RNA expression phenotypes with genotyped or imputed (using reference haplotypes from The 1000 Genomes Project) (9) SNPs in a T1-Mb window around the transcription start and 1318 in EU, EA, and AA participants, respectively (Table 1 and tables S7 to S9). Up to 70% of the genes with cis-eQTLs in monocytes replicate associations noted in a previous study (4) (fig. S3 ).
We used a Bayesian model average (BMA) and a hierarchical model (HM) (10) and T cells, respectively (Fig. 1C) . A small number of population-specific cis-eQTLs were found (Fig. 1, D and E) . Using a different approach, a measure of the proportion of overlap estimated from the enrichment of low P values (p 1 ) (11), we observe a similarly high degree of pairwise population sharing of cis-eQTLs (70 to 90%) (table S10).
The direction of allelic effect [that is, whether a given cis-eQTL is associated with an allele in the same (or opposite) direction across pairs of populations] is highly conserved: When the top single-nucleotide polymorphism (SNP)-gene pair is shared across pairs of populations, all cis-eQTLs are concordant, suggesting that causal regulatory variation generally affects gene expression in the same direction in all populations (figs. S4 and S5). Similarly, the effect size of shared cis-eQTLs is significantly correlated (Pearson's r = 0.70 to 0.87) in each pairwise combination of populations for the same cell type (figs. S6 and S7), suggesting little population-specific modulation of eQTL effect.
A meta-analysis maximized our power to detect cis-eQTLs in 401 participants with monocyte data and 407 with T cell data; we used a random effects model optimized to detect associations under heterogeneity (12) . We detected 50% more genes with cis-eQTLs in the metaanalysis: 6210 genes in monocytes and 4975 genes in T cells ( Fig. 2A and tables S11 and S12). Up to 17% of genes in monocytes and 14% of genes in T cells demonstrate multiple independent eQTL effects (figs. S8 and S9). In addition, among the genes with shared effects across populations, the number of candidate causal variants in strong linkage disequilibrium (LD) with the lead SNP was reduced by more than 50% to an average of 21.2 SNPs when an LD threshold of r 2 > 0.8 with the lead SNP is considered in the meta-analysis ( fig. S10 ).
To identify trans-eQTLs in which a SNP is associated with expression of a distal gene (>1 Mb from the SNP or on a different chromosome), we performed a trans-eQTL meta-analysis in our data. At a conservative Bonferroni-corrected threshold of P < 3 × 10
−12
, we identified 482 trans-eQTL associations (427 are interchromosomal) involving 55 genes specific to monocytes, 31 genes specific to T cells, and 4 genes shared by both cell types (figs. S11 and S12 and tables S13 and S14). Our results support the existence of trans-eQTLs, but their mechanism remains largely unknown.
We assessed the proportion of cell type-specific cis-eQTLs with BMA-HM (10) and estimated that 29% of cis-eQTLs are specific to monocytes, whereas 8% are specific to T cells, with 63% shared across cell types (Fig. 2B) . Using a different approach that estimates the likelihood of eQTL rediscovery (11), we obtain similar estimates of sharing: p 1 = 69, 68, and 62% in the EU, AA, and EA participants (table S15). With reference epigenomic data from the ENCODE project (13), the cell type-specific cis-eQTLs were relatively enriched (quantified by relative risk) in the histone marks and deoxyribonuclease (DNase) I sites derived from the pertinent cell type ( fig. S13 ). For instance, T cell-specific cis-eQTLs were more likely to coincide with DNase I sites derived from naïve CD4 + T cells than from monocytes. This confluence of epigenomic annotations and functional analysis results strengthens the interpretation of such epigenomic annotations, which are inferred to relate to functional effects of given variants. P P Fig. 3 . Polarization of cis-regulatory effects for disease-associated variants. (A) (Left) For each evaluated trait, we report, in parentheses, the number of trait-associated (GWAS) SNPs with cis-eQTL effects over the total number of SNPs, and the number of genes influenced by one or more of these SNPs. For each trait, we present the distribution of the proportion of cell specificity (estimated using a Bayesian hierarchical model) observed for each of 1000 random samplings of matched SNP sets. The proportion of cell-specific cis-eQTL effects observed for a given trait is shown over this distribution using an orange line for monocytes and a green line for T cells. (Right) We report the proportion of cis-eQTLs that are monocyte-specific (orange), shared (blue), and T cell-specific (green). (B) Four diseases with significant polarization (FDR < 0.05) in the distribution of cis-eQTLs: Multiple sclerosis and rheumatoid arthritis are enriched in T cell effects (green), whereas Alzheimer's and Parkinson's diseases are enriched in monocyte effects (orange).
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We went on to examine whether cis-eQTLs shared across cell types have similar direction and effect sizes. The comparison of the effect size for an eQTL (most significant SNP per gene) in the two cell types (Fig. 2C) showed concordance in effect size for most eQTLs (Pearson's r = 0.79). However, in 42 genes, the most significant SNP was associated with discordant directional effects across cell types: The allele associated with higher expression in one cell type is associated with lower expression in the other (Fig. 2D and fig.  S14 ). We identified another dimension of cell type specificity: 6% of genes with cis-eQTLs shared across cell types are influenced by different, independent SNPs in each of the two cell types. Furthermore, 7% of independent SNPs in T cells and 11% in monocytes were associated with expression levels of more than one gene, with several SNPs affecting different genes in a cell typedependent manner (Fig. 2E) .
Leveraging 6341 SNPs (LD-pruned to r 2 < 0.4) associated with one or more of 415 human diseases or traits [National Institutes of Health genome-wide association study (GWAS) catalog] (14), we note 887 independent SNPs that influence expression of 1088 genes in cis (tables S16 and S17). To distinguish coincidental colocalizations of GWAS and eQTL associations, we used regulatory trait concordance (RTC) scores (15) , which assesses whether a cis-eQTL and a trait association are tagging the same functional variant. Applying a stringent RTC threshold of 0.9, we identified 106 GWAS SNPs in T cells for which the trait and expression associations may be tagging the same effect; in monocytes, 123 GWAS SNPs met this criterion. Given the cell types profiled in our study, we found the expected significant enrichment (permutation P < 1 × 10 -4 ) for cis-eQTLs among autoimmune disease-associated variants: Of the 425 GWAS SNPs associated with one or more autoimmune disease, 143 have cis-regulatory effects on 164 genes in monocytes and/or T cells ( fig. S15 and tables S18 and S19).
Disease and trait-associated cis-eQTLs show more cell type specificity than average cis-eQTLs. Using BMA-HM, we find that 46% of all traitassociated variants are monocyte-specific, 29% are T cell-specific, and 25% are shared (Fig. 3A) . In addition, variants associated with some diseases display a preponderance of T cell-specific cis-regulatory effects: These include susceptibility alleles for multiple sclerosis, rheumatoid arthritis, and type 1 diabetes (Fig. 3, A and B) . On the other hand, Alzheimer's disease (AD), Parkinson's disease (PD), lipid traits, and type 2 diabetes susceptibility alleles are enriched in monocyte-specific effects (Fig. 3, A and B) . In fact, the AD susceptibility alleles are significant eQTLs only in monocytes (Fig. 3B and figs. S16 and S17). Because the targeted genes are mostly expressed in both monocytes and T cells, this observed polarization is not driven by the lack of expression of the implicated genes in T cells ( fig. S18 ).
On the basis of these results, we suggest that the inflammatory component of susceptibility to neurodegenerative diseases may be more strongly driven by the myeloid compartment of the immune system. This is consistent with the altered phagocytic function that we have reported in monocytes of individuals carrying the CD33 AD susceptibility variant (16) . The putative role of inflammation has previously been invoked in agingrelated neurodegenerative diseases such as AD and PD (17) , but our results bring a genetic underpinning and candidate pathways to these observations. Because our study examines young and healthy individuals, we provide support for a role of myeloid cells in the prodromal phase of neurodegenerative diseases. Functionally, we cannot say that blood-derived monocytes themselves are the key cell type; they are likely to be proxies for the infiltrating macrophages (which differentiate from monocytes) and/or resident microglia found at the sites of neuropathology. Both of these cell types share many of the transcriptome patterns of monocytes.
Despite its inherent logistic challenges, the profiling of purified primary cells from multiple human populations was clearly beneficial in several respects, including the reduction of the credible set of variants associated with a given trait. Though the majority of eQTLs are shared, the ImmVar study provides clear examples of context specificity of eQTLs and has yielded insights into the relative role of two representative cell types in exerting the functional consequences of diseaseassociated variants. Further, the depletion of diseaseassociated eQTLs with effects in both cell types is intriguing and suggests that the evolutionary history of cell-specific and pleiotropic variants is an important area of future investigation. Overall, this component of the ImmVar Project represents a strong foundation for future explorations of the role of disease susceptibility variants in an increasingly diverse matrix of cell types, stimuli, and in vivo contexts.
